Several drugs, including aminoglycosides and platinum-based chemotherapy agents, are well known for their ototoxic properties. However, FDA-approved drugs are not routinely tested for ototoxicity, so their potential to affect hearing often goes unrecognized. This issue is further compounded for natural products, where there is a lack of FDA oversight and the manufacturer is solely responsible for ensuring the safety of their products. Natural products such as herbal supplements are easily accessible and commonly used in the practice of traditional eastern and alternative medicine. Using the zebrafish lateral line, we screened a natural products library to identify potential ototoxins. We found that the flavonoids quercetin and kaempferol, both from the Gingko biloba plant, demonstrated significant ototoxicity, killing up to 30 % of lateral line hair cells. We then examined a third Ginkgo flavonoid, isorhamnetin, and found similar levels of ototoxicity. After flavonoid treatment, surviving hair cells demonstrated reduced uptake of the vital dye FM 1-43FX, suggesting that the health of the remaining hair cells was compromised. We then asked if these flavonoids enter hair cells through the mechanotransduction channel, which is the site of entry for many known ototoxins. High extracellular calcium or the quinoline derivative E6 berbamine significantly protected hair cells from flavonoid damage, implicating the transduction channel as a site of flavonoid uptake. Since known ototoxins activate cellular stress responses, we asked if reactive oxygen species were necessary for flavonoid ototoxicity. Cotreatment with the antioxidant D-methionine significantly protected hair cells from each flavonoid, suggesting that antioxidant therapy could prevent hair cell loss. How these products affect mammalian hair cells is still an open question and will be the target of future experiments. However, this research demonstrates the potential for ototoxic damage caused by unregulated herbal supplements and suggests that further supplement characterization is warranted.
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INTRODUCTIONDeafness afflicts more than 300 million people worldwide and most often results from irreversible damage to sensory hair cells (Schacht 1999; Yang et al. 2015) . Hearing loss is commonly caused by acoustic over-exposure, aging, or genetic mutations, but chemical ototoxins such as aminoglycoside antibiotics or platinum-based chemotherapy agents are also significant causes of hearing impairment (Rizzi and Hirose 2007; Rybak and Ramkumar 2007; Yang et al. 2015) . Seligmann et al. (1996) identified over 130 drugs and compounds that pose an ototoxic threat, including antimalarial and antiinflammatory agents. However, ototoxicity is not part of the Food and Drug Administration (FDA) approval process, so the ototoxic potential of new drugs is generally unknown until patients report hearing difficulties. The issue of occult ototoxicity is further compounded for natural products, where there is a lack of FDA regulation and manufacturers are solely responsible for ensuring the safety of their products.
Natural products are easily accessible and commonly used in the practice of traditional eastern and alternative medicine. Most natural products are purchased over the counter and taken in pill form or used as teas, powders, tinctures, or dried plants (National Institutes of Health 2015) . Over 30 % of US adults and 12 % of children use natural products, including diverse compounds such as fish oil, which can reduce inflammation associated with rheumatoid arthritis, and Echinacea purpurea, a medicinal plant purported to reduce severity of common cold symptoms (Calder 2015; Karsch-Völk et al. 2015; Nestel et al. 2015) . While some research has demonstrated significant benefits of natural compound use, such as the link between Omega-3 fatty acids in fish oil and heart health, other studies find little evidence to support health claims made by manufacturers (Bent 2008; Nestel et al. 2015) . Furthermore, negative side effects caused by natural compound use have yet to be thoroughly tested. Several natural compounds are under consideration as anticancer agents, and cancer patients often selfmedicate with over-the-counter supplements (Dy et al. 2004; Du et al. 2010) . A greater understanding of the ototoxic potential of natural compounds is important to ensure public safety of these unregulated products. Here, we use the zebrafish lateral line as a platform to identify novel ototoxins from a natural compound library.
The lateral line system in larval zebrafish provides an excellent model for rapid identification and characterization of potential ototoxins (Ou et al. 2010; Coffin et al. 2014) . The lateral line contains clusters of sensory organs called neuromasts that each contain ∼10-20 hair cells and associated supporting cells. Lateral line hair cells are stimulated by waterborne vibrations near the animal and sub-serve a number of behaviors, including orientation to flow, prey detection, and predator avoidance (Coombs et al. 1989; Montgomery et al. 1997; Sampson et al. 2013) . Hair cells in the lateral line are homologous to mammalian inner ear hair cells and respond similarly to known ototoxins (Harris et al. 2003; Coffin et al. 2004; Ton and Parng 2005, reviewed in Ou et al. 2010) . The external location of these cells allows for easy delivery of putative ototoxins and rapid assessment of their effects (Ou et al. 2010; Coffin et al. 2014) .
Prior studies have successfully used the lateral line system to identify new ototoxins. For example, Chiu et al. (2008) used a screening approach to examine the ototoxic effects of 1040 FDA-approved drugs, 21 of which appeared significantly ototoxic. Experiments with mouse utricular cultures demonstrated that these putative ototoxins damaged mammalian hair cells (Chiu et al. 2008) . In a similar screen of a chemotherapy drug library, Hirose et al. (2011) identified nine ototoxic compounds; four suspected ototoxins based on case reports and five novel ototoxic anticancer drugs. Further testing revealed synergistic hair cell toxicity in five multidrug combinations that are used clinically, suggesting that characterizing ototoxins in isolation is insufficient for adequate patient protection (Hirose et al. 2011) . Collectively, these studies demonstrate the utility of the larval zebrafish lateral line for ototoxin studies with large numbers of compounds, an untenable approach in traditional mammalian models.
The goal of our study was to identify putative ototoxic agents in a library of 502 diverse natural compounds. Of the nine ototoxins that emerged from our screen, we selected two, quercetin and kaempferol, as well as the related compound isorhamnetin, for further study, as all three compounds are found in the popular herbal supplement Ginkgo biloba. We then used pharmacological manipulations to understand how these ototoxins damage hair cells.
METHODS

Animals
All experiments used 5-6 days post-fertilization (dpf) zebrafish obtained from paired or group matings in the Coffin Lab fish facility at Washington State University Vancouver. We used fish from one of two genetic lines: *AB wild-type fish or Tg(pou4f3:gap43-GFP) (hereafter referred to as Brn3c/mGFP) transgenic fish, which express membrane-bound green fluorescent protein (GFP) in hair cells (Xiao et al. 2005; Namdaran et al. 2012) . All experiments were conducted at 28°C in defined E2 embryo medium (EM) containing 994 μM MgSO 4 , 150 μM KH 2 PO4, 42 μM Na 2 HPO 4 , 986 μM CaCl 2 , 503 μM KCl, 14.9 mM NaCl, and 714 μM NaHCO 3 , with the pH adjusted to 7.2 (Westerfield 2000). All experiments were approved by the Institutional Animal Care and Use Committee at Washington State University.
Ototoxicity Screen
We screened the Enzo Natural Products library (Enzo, Farmingdale, NY, USA) for compounds that cause hair cell loss in the zebrafish lateral line. This library contains 502 mostly plant-derived compounds with diverse chemical structures, including compounds commonly found in popular herbal remedies. *AB larvae were incubated in 3 μM Yo-Pro-1 (Life Technologies, Grand Island, NY, USA) for 30 min to label the hair cells. Fish were then placed in a 24-well plate (three to four fish per well) and incubated for 24 h in 4 μg/mL of one natural compound. Two wells per plate were treated with DMSO only (the vehicle for the compound library), while an additional two received 100 μM neomycin (Sigma-Aldrich, St. Louis, MO, USA) as a positive control. Neomycin was added 1 h prior to hair cell assessment. After incubation, fish were anesthetized in 0.001 % MS-222 (Argent Labs, Redmond, WA, USA) and visualized on a Leica M165FC fluorescent stereomicroscope. Fish were assessed holistically for hair cell damage on all head neuromasts and were scored on a scale of 0-4, where 0 represents a dead fish, 1 represents a live fish with no visible hair cell fluorescence, 4 represents a full complement of hair cells, and 2-3 denote intermediate levels of hair cell survival (modified from Chiu et al. 2008; Vlasits et al. 2012) . Any compound that resulted in an average score of 1 or less, with minimal to no fish mortality, was then re-screened to verify ototoxic potential.
Dose-Response Analyses of Hair Cell Death
Out of the nine compounds that made it through the second round of screening, we selected two for doseresponse analyses based on their consistent hair cell toxicity profile. We also tested a third natural compound that did not register as ototoxic in our initial screen but was found in herbal supplements in combination with the two screen hits selected for further study. We tested a range of concentrations of each potential ototoxin (0.5-50 μM), with the concentration range centered on the initial screen concentration (∼14 μM). Larvae (8-12 per treatment) were placed in custom fish transfer baskets, and then treated with a potential ototoxin for 24 h. Control fish were treated with vehicle only (DMSO or ethanol (EtOH), as appropriate for the target ototoxin). Fish were then rinsed in fresh EM and hair cells assessed using vital dye labeling in live, anesthetized larvae, or with cell counts in Brn3c/mGFP transgenic larvae.
For vital dye assessment, we used a DASPEI scoring protocol originally developed by Harris et al. 2003 (see also Coffin et al. 2009 , 2013a . After natural compound treatment, fish were then incubated for 15 min in a 0.005 % solution of the mitochondrial dye 2-(4-(dimethylamino) styryl)-N-ethylpyridinium iodide (DASPEI, Life Technologies), which specifically labels lateral line hair cells using our treatment protocol. Fish were then rinsed twice in fresh EM, anesthetized with MS-222, and viewed on a Leica M165FC fluorescent stereomicroscope. We assessed 10 neuromasts per animal (IO1, IO2, IO3, IO4, M2, SO1, SO2, MI1, MI2, O2; see Raible and Kruse 2000), scoring each neuromast based on relative fluorescent intensity (0 = no fluorescent labeling, 1 = moderate labeling, or 2 = bright labeling) and summed the scores, resulting in a maximum score of 20 per fish (Harris et al. 2003) . In larval zebrafish, neuromasts develop in stereotyped locations (Raible and Kruse 2000) . Thus, if a neuromast was missing during assessment, it was most likely due to damage caused by the compound under scrutiny rather than a developmental anomaly. This method has proven highly reliable and reproducible in prior studies (Harris et al. 2003; Owens et al. 2009; Coffin et al. 2013a, b) .
To further validate hair cell loss, we also performed direct hair cell counts in both Yo-Pro-1-labeled *AB larvae and in Brn3c/mGFP larvae. Following natural compound treatment, fish were anesthetized with 0.001 % MS-222, mounted on bridged coverslips, and viewed with a Leica DMRB compound fluorescent microscope. We counted hair cells within five head neuromasts per animal (IO1, IO2, IO3, M2, OP1) and summed the counts to arrive at one value per fish.
Assessment of Sub-Lethal Hair Cell Damage
We examined hair cell function using uptake of the vital dye FM 1-43, which is taken up by the mechanotransduction channel at the apical end of the hair bundle, thereby serving as a proxy for transduction channel function (Gale et al. 2001; Meyers et al. 2003 ). *AB fish were incubated in 50 μM of a natural compound for 24 h, and then rinsed 4× in fresh EM and incubated for 30 s in 3 μM FM 1-43FX (the fixable analog of FM 1-43, Life Technologies). Fish were rinsed 4× in fresh EM, euthanized with 0.01 % MS-222, and fixed in 4 % paraformaldehyde (PFA) overnight at 4°C. Fish were then rinsed in phosphate-buffered saline (PBS, Life Technologies) and stored in 1:1 PBS/glycerol (Sigma). Fish were imaged on a Leica SP8 confocal with a 488-nm laser, ×20 objective, and ×5 digital zoom. Images were collected using a HyD detector with 590-680-nm detection; gain and laser power were constant for all experiments. Optical sections of the SO2 neuromast in each fish were collected (selected for ease of access) and compressed into a single maximum-point projection using the Leica LAS software. Fluorescence was quantified in ImageJ v. 1.48 (NIH, Bethesda, MD, USA) by masking the entire neuromast and calculating mean fluorescence for that neuromast, then subtracting mean background fluorescence to yield net mean fluorescence for each neuromast (Uribe et al. 2015) . Fluorescence from treated neuromasts was then normalized to the average control (untreated neuromast) value for that imaging day in order to control for variations in fluorescence between sampling days.
Dye Labeling of Hair Cells
The preceding sections describe use of several different vital dyes, all of which provide complementary information about the relative health of hair cells in the lateral line. In the initial screen, the nuclear dye Yo-Pro-1 was used to identify putative ototoxins because fish could be labeled with Yo-Pro-1 prior to compound treatment, allowing for rapid assessment of compound-treated fish after the 24-h incubation period. Our screen assessment was therefore sensitive to sub-lethal damage to hair cells, particularly nuclear condensation, a hallmark of classical apoptosis, allowing us to identify compounds that caused nuclear changes without outright hair cell death (Santos et al. 2006; Owens et al. 2008 ). Yo-Pro-1 labeling was also used to quantify hair cells in our dose-response analyses, as the nuclear labeling allows for unambiguous identification of individual hair cell nuclei (Coffin et al. 2009 ). In contrast, hair cell-specific DASPEI is sensitive to changes in mitochondrial potential and relative quantification of DASPEI fluorescence on a neuromast-by-neuromast basis is a rapid means of assessing hair cell health, as reductions in DASPEI fluorescence are highly correlated with hair cell survival (Harris et al. 2003; Coffin et al. 2013a ). The separate use of DASPEI and Yo-Pro-1 in our doseresponse analyses allowed for independent validation of hair cell damage. The third dye, FM 1-43FX, enters hair cells via the mechanotransduction channel (Gale et al. 2001; Meyers et al. 2003) . Therefore, when FM 1-43FX is administered to damaged hair cells, relative hair cell fluorescence is an indicator of transduction channel function, allowing us to further explore the condition of hair cells that were not directly killed by ototoxin treatment (Kawashima et al. 2011) . In combination, the use of these vital dyes allows for a more complete assessment of hair cell status in response to a potentially toxic insult.
Natural Compound Uptake
Two types of known ototoxins, aminoglycoside antibiotics and platinum-based chemotherapy agents, enter hair cells through mechanotransduction channels at the apical tip of the hair bundle (Marcotti et al. 2005; Alharazneh et al. 2011; Thomas et al. 2013) . As a first step in understanding how ototoxic natural compounds damage hair cells, we used high-extracellular Ca 2+ to block the transduction channel, which attenuates aminoglycoside ototoxicity in the lateral line by reducing ototoxin entry (Eatock 2000; Coffin et al. 2009 ). For high-calcium experiments, fish were treated for 24 h in a single natural compound in either our normal E2 EM (∼1 mM CaCl 2 ) or in medium with 2.1 mM CaCl 2 (Coffin et al. 2009 ). Controls were incubated in the same EM with an equal volume of the appropriate solvent, either DMSO or EtOH. Fish were then rinsed in E2 EM and hair cells were assessed with DASPEI. We also examined an additional mechanotransduction blocker, the quinoline derivative E6 berbamine. E6 attenuates aminoglycoside and FM 1-43 entry into hair cells, consistent with prior research on related quinoline-ring derivatives (Ou et al. 2009 (Ou et al. , 2012 Kruger et al. 2016) . Furthermore, the parent compound berbamine attenuates mechanotransduction current in mouse cochlear hair cells, consistent with a permeant channel block (C. Kros, personal communication). Fish were incubated for 15-30 m in 500 nM E6, and then co-treated with E6 and 50 μM flavonoid for 24 h. Hair cells were assessed with DASPEI.
Cell Death Signaling
We used pharmacological manipulation of oxidative stress and intrinsic cell death pathways to examine the intracellular signaling events underlying natural compound-induced damage. Fish were treated with either the antioxidant N-acetyl-cysteine (NAC, 25-250 μM, Sigma) or D-methionine (D-Met, 50-1000 μM, Sigma), or the Bax channel blocker (±)-1-(3,6-dibromocarbazol-9-yl)-3-piperazin-1-yl-propan-2-ol, bis TFA (2.5 μM. EMD Millipore, Billerica, MA, USA; Bombrun et al. 2003; Coffin et al. 2013a ). Fish were incubated for 15-30 min in one of these three cell signaling modulators, and then co-treated for 24 h in the cell signaling modulator and a natural compound (or equal volume of vehicle for controls). Hair cells were assessed with DASPEI or by direct counts in Brn3c/mGFP fish as described above. For Bax manipulation experiments, neomycin was used as a positive control (Coffin et al. 2013a ).
Ototoxin Interactions
In order to determine how these newly discovered putative ototoxins interact with known hair cell toxins, we performed combinatorial experiments using the three potential ototoxins with either the aminoglycoside antibiotic neomycin or the chemo-therapy agent cisplatin. For neomycin experiments, fish were incubated for 1 h in natural compound (or vehicle control), then co-treated for 30 min with natural compound and 100 μM neomycin, rinsed 4× in EM, and allowed to recover for 1 h (Coffin et al. 2009 ). Cisplatin experiments were conducted similarly except that fish were instead co-treated for 24 h in natural compound and 50 μM cisplatin (Washington State University veterinary pharmacy, Pullman, WA; Vlasits et al. 2012) .
Finally, we examined the effect of natural compound combinations on hair cell survival. Fish were treated for 24 h with each natural compound singly or with all three natural compounds at variable concentrations. As all three putative ototoxins naturally co-occur in G. biloba, a popular herbal supplement, we also examined two over-thecounter G. biloba preparations for their potential to damage hair cells. Fish were treated for 24 h in a 20-120 mg/mL solution prepared from Nature's Bounty or Nature's Way (Amazon.com) or DMSO (vehicle control). Hair cells in all combinatorial experiments were assessed with DASPEI scoring or counts in Brn3c/mGFP fish. Chemical make-up of commercial G. biloba preparations was determined by 1 H NMR spectroscopy (950 MHz) conducted at Research Triangle Institute (Research Triangle Park, North Carolina, USA).
Statistical Analysis
All data were analyzed by one-or two-way ANOVA or by pair wise comparisons using Bonferroni-corrected t tests, as appropriate, using Prism 6.0. Significance values are reported as p G 0.05. Unless specified, all data are presented as mean ± standard error.
RESULTS
Using the zebrafish lateral line to assess ototoxicity, we screened the Enzo Screen-Well Natural Product Library for compounds that induce hair cell death. In the initial screen, 165 compounds had an average score of 1 or less out of a maximum score of 4, suggesting substantial hair cell loss or high fish mortality (Fig. 1) . Upon re-screening, the 61 compounds that were not overtly toxic to the fish, we found 9 candidates that consistently induced moderate hair cell death: morin, andrographolide, sclerotiorin, cephaeline, taxifolin, wedelolactone, homobutein, quercetin, and kaempferol. Our final number dropped from 61 to 9 compounds because the screen produced several false positives, which is not unusual in a phenotypic screen (Chiu et al. 2008; Rennekamp and Peterson 2015) . We selected only robust Bhits^for further examination. Supplemental Table 1 lists all 61 potential hair cell toxins.
We chose to further evaluate quercetin (quer) and kaempferol (kaemp) because they are both flavonoid extracts from the G. biloba tree and consistently received a score of 1 to 2 in the rescreening process. We also included a third compound, isorhamnetin (isor), in our study because isor is the third most common Ginkgo flavonoid and shares a similar chemical structure (Fig. 2) . Using DASPEI labeling, we found that 15 or 25 μM kaemp; 15, 25, and 50 μM isor; or 50 μM quer induced moderate hair cell damage (Fig. 2a) . DASPEI fluorescence is dependent on mitochondrial membrane potential (Bereiter-Hahn 1976) , and alterations in mitochondrial potential may not always accurately reflect hair cell death. Therefore, to validate the damage observed during DASPEI scoring, we counted hair cells in both Yo-Pro-1-labeled larvae and in transgenic Brn3c/mGFP zebrafish. Using Yo-Pro-1, we observed dose-dependent hair cell loss after 24-h treatment with each flavonoid (Fig. 2b) . Similarly, we found a modest but statistically significant reduction in GFP+ hair cells following flavonoid exposure, with 50 μM of each compound causing significant hair cell loss (Fig. 3a) . Remaining GFP+ hair cells showed significant signs of morphological damage, specifically membrane protrusions at both the apical and basal ends of the cell (Fig. 3b) . These data demonstrate that Ginkgo flavonoids significantly damage lateral line hair cells. 
Meyers et al. 2003)
. Kaemp and isor significantly reduced FM 1-43FX intensity, while quer did not (Fig. 4) . Collectively, these data suggest that G. biloba flavonoids induce modest hair cell loss, and that there is sub-lethal damage to the remaining cells including a possible reduction in hair cell function.
Cell Signaling Modulation Reduces FlavonoidInduced Ototoxicity
We then asked if flavonoid-induced cell signaling mechanisms are similar to that of known ototoxins, specifically aminoglycoside antibiotics. Aminoglycosides enter hair cells via apically located mechanotransduction channels (Marcotti et al. 2005; Alharazneh et al. 2011; Vu et al. 2013) . Calcium modulates the open probability of the transduction channel, and high extracellular calcium attenuates aminoglycoside entry and subsequent hair cell toxicity, likely by closing the channel (Eatock 2000; Coffin et al. 2009 ). We found that increasing the extracellular calcium concentration significantly protected hair cells from quer or isor toxicity, but not from kaemp (Fig. 5a ). As expected, calcium conferred significant protection from aminoglycoside (neomycin) damage, consistent with prior reports (Coffin et al. 2009 ). As further validation of the calcium data, we examined the effect of E6 berbamine, a quinoline derivative that also attenuates aminoglycoside entry into hair cells, likely by blocking the transduction channel (Kruger et al. 2016; C. Kros, personal communication). E6 significantly protected hair cells from kaemp or quer damage (Fig. 5b) . These data suggest that flavonoids may enter hair cells through the mechanotransduction channel, or in an alternate transduction-dependent manner, and subsequently activate intracellular signaling pathways.
We then examined potential downstream signaling molecules, again comparing signaling events between flavonoids and aminoglycoside antibiotics. In the l a t e r a l l i n e , n e o m y c i n d a m a g e a c t i v a t e s mitochondrial-associated death pathways and relies on the activity of Bax, a member of the Bcl2 protein family (Wei et al. 2001; Coffin et al. 2013a ). We exposed hair cells to a Bax inhibitor for 1 h before cotreating the cells with a flavonoid for 24 h and found that Bax inhibition significantly protected hair cells from all three flavonoids, as well as from neomycin (the positive control).
Aminoglycoside exposure is also associated with an increase in reactive oxygen species (ROS), and antioxidants confer some protection from aminoglycoside damage (e.g., Evans and Halliwell 1999; Sergi et al. 2004) . We found that the antioxidant Dmethionine significantly attenuated flavonoidinduced hair cell damage in a dose-dependent manner, and similar results were observed with Nacetyl-cysteine, a second antioxidant (Fig. 6b and data not shown). These data suggest that our flavonoids likely increase production of ROS in hair cells.
Flavonoid Interactions with Known Ototoxins
Given that aminoglycosides and flavonoids appear to damage hair cells using similar intracellular mecha- Ethanol is the solvent for quercetin, and similar to DMSO, has no effect on hair cell morphology or survival. All three compounds cause both apical and basal damage, as indicated by small pockets of cellular material traveling up the kinocillium (apical damage, yellow arrowheads) or flaking off the bottom of the neuromast (basal damage, white arrowheads). Scale bar = 10 μm and applies to all images.
nisms, we next asked how the two interact at the level of hair cell damage. None of these flavonoids significantly modulated neomycin-induced hair cell loss (Fig. 7a) . We also examined the interaction of flavonoids with cisplatin, an ototoxic chemotherapy agent, as some flavonoids (e.g., quercetin) have been suggested as anticancer drugs in multi-drug chemotherapy regimens (Chen and Chen 2013; Zhang et al. 2015) . Flavonoid treatment did not substantially alter cisplatin-induced hair cell damage. Overall, these data suggest that G. biloba flavonoids do not influence ototoxicity of neomycin or cisplatin.
Over-The-Counter Ginkgo Formulas Do Not Substantially Damage Hair Cells
Finally, we asked if over-the-counter (OTC) G. biloba formulas show ototoxic properties. We examined two popular G. biloba preparations, Nature's Way and Nature's Bounty. Our results indicate that the 30 and 120 mg/mL Nature's Bounty and the 30 and 60 mg/ mL of Nature's Way formulas are all significantly ototoxic (Fig. 8a) . However, these effects are quite modest and may not be biologically meaningful. We also combined the pure flavonoid extracts to simulate an OTC formula and found that only the maximum amount (50 μM each) of combined flavonoids caused significant damage (Fig. 8b) . Given that OTC natural compounds are not regulated and ingredients are therefore not standardized, we then asked if these OTC G. biloba preparations contained our chosen flavonoids. NMR spectroscopy demonstrates that the Nature's Bounty formula contains signatures of quercetin and kaempferol, while these chemical signatures could not be confirmed in the Nature's Way preparation because of overlapping constituents at higher levels (Fig. 8c) . The NMR peaks downfield from 9 ppm represent hydroxyl groups present in the flavonoids as demonstrated by the spectra of standards. These NMR peaks are not clearly visible (with the same intensities) in the OTCs perhaps due to the chemical heterogeneities in the Ginkgo supplements or due to any reactions of these hydroxyl groups during the process of manufacturing.
DISCUSSION
The purpose of this investigation was to identify potentially ototoxic compounds from a broad range of natural products that are not FDA-regulated nor tested for ototoxicity. Of the 502 compounds initially assessed, 33 % appeared toxic to zebrafish hair cells, or to the fish as a whole. Our initial screening protocol relied on overall fluorescent intensity of hair cells across the fish, which is a common but cursory means for assessing hair cell survival (e.g., Owens et al. 2008; Chiu et al. 2008; Vlasits et al. 2012) . Screens are a powerful method for identifying compounds that modulate a desired phenotype but prone to false positives, as the goal is to maximize the chances of observing the phenotype of interest (Chiu et al. 2008; Rennekamp and Peterson 2015) . We rescreened all initial Bhits^in duplicate to validate our findings, and then used additional methods to quantify damage caused by kaempferol and quercetin. These compounds are rich in many food sources, including raspberries and onions, several medicinal herbs used in traditional Chinese medicine, and G. biloba, a popular herb touted for its purported memory-boosting effects and tinnitus relief (Donnapee et al. 2014; Fu et al. 2015; Heinonen and Gaus 2015) . We also examined a third Ginkgo flavonoid, isorhamnetin, which did not meet our initial criteria for re-testing (original score of 2) but has a similar chemical structure to quer and kaemp. We found that each flavonoid was modestly ototoxic and that greater hair cell damage was observed following combined treatment with all three flavonoids. In contrast, OTC formulations of G. biloba did not show substantial ototoxicity. OTC formulations may contain much lower concentrations of flavonoids than what we tested individually (24 % by weight, Drieu 1986). Given the lack of regulation, it is difficult to determine the exact chemical distribution in many OTC preparations. Our 1 H NMR data did not conclusively demonstrate flavonoid presence in the Nature's Way formula, suggesting that these flavonoids may not be present in all OTC Ginkgo compounds. It was difficult to confirm the presence of quer or kaemp in Nature's Way due to other constituents present in the same region, complicating the spectrum. Some herbal preparations contain additional botanicals or synthetic bioactives that are not reported on the label, complicating Bmedicinal^use of these compounds (e.g., Jiang et al. 2011; Campbell et al. 2013; Heinonen and Gaus 2015) . A recent DNA barcoding study demonstrated that 9 of 40 OTC Ginkgo prepa- , solid bars). No protection was observed against kaemp (p = 0.07). b E6 berbamine also reduced damage due to quer or kaemp. No protection was observed against isor in this experiment (p = 0.19). Only the DMSO control is shown in this experiment but the data are also representative of EtOH-only controls. In both experiments, neomycin was used as a positive control. Significant pairwise comparisons were determined with Bonferroni-corrected t tests and denoted with asterisks (*p G 0.05, ***p G 0.001). N = 7-16 per treatment, bars are +S.E.M.
FIG. 6. Cell signaling modulators attenuate flavonoid ototoxicity. a
A Bax channel blocker reduced flavonoid-induced hair cell death. Fish were pre-treated with 2.5 μM Bax blocker, then co-treated with Bax blocker and 50 μM flavonoid for 24 h. Neomycin was used as a positive control. Significance values (determined by Bonferronicorrected t tests) are denoted by asterisks (***p G 0.001). b Hair cells exposed to D-methionine were significantly less damaged than were those without the antioxidant treatment. D-met significantly protects hair cells from all three flavonoids (one-way ANOVA, isor: F 4, 55 = 7.89, p G 0.0001, significant protection is seen with 50, 500, and 1000 μM; kaemp: F 4, 55 = 7.14, p = 0.0001, significant protection at all concentrations; quer: F 4, 55 = 10.84, p G 0.0001, significant protection at all concentrations). N = 12 and bars are +S.E.M. rations marketed in the USA did not contain Ginkgo DNA (Little 2014). However, our data clearly demonstrate that purified Ginkgo flavonoids, and possibly complete Ginkgo extracts, have ototoxic potential.
We observed moderate hair cell damage following 24-h treatment with each flavonoid. These flavonoids caused a modest decrease in DASPEI fluorescence and a reduction in the number of Yo-Pro-1-labeled nuclei, suggesting a loss of mitochondrial membrane potential and decrease in hair cell viability. These data are corroborated by our observation of morphological damage, including flaking of the cell body and kinocilial blebbing, both signs of programmed cell death (Dinh et al. 2015) . We also noted a significant reduction in FM 1-43FX uptake in kaemp-or isortreated hair cells, suggesting reduced transduction channel function or potential hair bundle damage (Gale et al. 2001; Meyers et al. 2003) . While each flavonoid exhibited a unique damage profile, our collective data demonstrate that these flavonoids reduce hair cell viability.
We then compared flavonoid-induced hair cell damage to damage induced by well-studied ototoxins, specifically aminoglycoside antibiotics. Aminoglycosides enter hair cells via the mechanotransduction channel, and inhibiting drug entry is sufficient to confer protection (Ricci and Fettiplace 1998; Marcotti et al. 2005; Wang and Steyger 2009; Alharazneh et al. 2011) . We found that high extracellular calcium, which attenuates aminoglycoside entry into hair cells via modulation of transduction channel opening, was sufficient to reduce flavonoid ototoxicity. Similar protection was observed with the quinoline derivative E6 berbamine, another transduction channel modulator that also protects hair cells from aminoglycoside damage (Kruger et al. 2016) . These data suggest that flavonoids may also enter hair cells via the transduction channel and go on to affect intracellular processes. The transduction channel is a non-specific cation channel that allows passage of several large molecules, including the aminoglycoside neomycin (614 g/mol) and the vital dye FM 1-43FX (611 g/mol). With molecular weights from 286 to 316 g/ mol, Ginkgo flavonoids are considerably smaller than are other molecules that pass through the transduction channel. However, we cannot exclude alternative explanations, particularly for our calcium data; it is possible that flavonoids damage hair cells in a calciumdependent manner that is independent of the transduction channel (Esterberg et al. 2013 (Esterberg et al. , 2014 .
We then asked if aminoglycosides and flavonoids activate similar intracellular signaling mechanisms. Bcl-2 protein family members modulate hair cell death from a variety of toxins in rodent models, and Bax inhibition prevents neomycin ototoxicity in the zebrafish lateral line (Cunningham et al. 2004; Vicente-Torres and Schacht 2006; Yamashita et al. 2008; Pfannenstiel et al. 2009; Coffin et al. 2013a) . Pharmacological inhibition of Bax conferred substantial protection from each flavonoid, demonstrating a shared mechanism of action with neomycin-induced damage. These data are also consistent with prior studies demonstrating flavonoid-induced Bax upregulation in cancer cells (Duo et al. 2012; Dai et al. 2015; Zhang et al. 2015) . In flavonoid-treated cancer cells, Bax expression is linked to increased ROS generation, and quer and kaemp increase ROS in multiple cell lines (Sahu and Gray 1994; Metodiewa et al. 1999; Zhang et al. 2015) . Several lines of evidence demonstrate increased ROS generation in aminoglycoside-damaged hair cells, and antioxidants confer a protective benefit in multiple animal models of aminoglycoside ototoxicity (Schacht 1999; Lee et al. 2004; Coffin et al. 2013b ). The antioxidants Dmethionine and NAC significantly prevented flavonoid-induced hair cell damage. Collectively, these data suggest that flavonoids and aminoglycosides may activate similar cell death signaling pathways, and that flavonoid damage may be consistent across cell types. Additional research is warranted to determine the full suite of signaling pathways in flavonoid-damaged hair cells, including experiments using ROS indicators to further understand the timing and magnitude of oxidative stress.
G. biloba and its major constituents have diverse effects on cells. Discovery of the pro-oxidant properties of Ginkgo flavonoids prompted research on the antineoplastic potential of these compounds (Chirumbolo 2013). For example, quer may exert pro-apoptotic effects on mammalian tumor cells by a variety of mechanisms, including inhibition of cell survival pathways and modulation of the tumorsuppressor p53 (Kim and Lee 2007; Siegelin et al. 2009; Vargas et al. 2011) . Ginkgo flavonoids have also been proposed as part of multi-drug chemotherapy regimens (Teng et al. 2006; Luo et al. 2010; Chen and Chen 2013) . For example, Luo et al. (2010) demonstrated that kaemp sensitizes ovarian cancer cells to cisplatin. We therefore examined the combined ototoxic potential of cisplatin and our Ginkgo flavonoids and found little to no synergistic effect on lateral line hair cells. These findings conflict with a study by Lee et al. (2015) , who concluded that our highest concentration of quer, 50 μM, reduced cisplatin-induced hair cell damage in zebrafish embryos. The Lee et al. study used 4 h of quer and cisplatin co-treatment, quite different from the 24-h treatment used here, and also used a cisplatin dose 20 times higher than that in our study. We think that our prolonged, low-dose treatment more closely mimics clinical scenarios, but additional work is needed to resolve these differences.
Conflicting reports pepper the robust literature on Ginkgo flavonoids. Some studies report that the antioxidant properties of quer or isor protect cardiomyocytes from a variety of stressors, while a recent study demonstrates adverse effects of quer on mouse cardiomyocyte function, likely by increasing oxidative stress (Sun et al. 2013; Ruiz et al. 2015; Li et al. 2016) . Similarly, recent work by Sagit et al. (2015) and Yang et al. (2011) found that quer attenuated gentamicin ototoxicity in rats and guinea pigs, while Miman et al. (2002) showed that Ginkgo enhanced amikacin ototoxicity. By contrast, we did not find significant modulation of neomycin damage with any of our flavonoids. Whether this discrepancy is due to a difference in animal model or ototoxin is an open question, as different aminoglycosides can activate different hair cell death mechanisms (Owens et al. 2009; Coffin et al. 2013a, b) . Neither the Sagit et al. or Yang et al. studies report ototoxicity of Ginkgo flavonoids alone. However, these studies primarily rely on changes in ABR thresholds, which may not be sensitive to modest hair cell damage. Confounding reports of potential ototoxicity or otoprotection have been demonstrated for both statin drugs and estrogens, suggesting that hair cells may show diverse responses to many chemical modulators (Borghi et al. 2002; Hultcrantz et al. 2006; Chiu et al. 2008) .
Our findings confront the notion that natural compounds are risk averse by virtue of their organic nature. Many of these natural compounds go on to form the basis of drugs used in clinical treatments, some in combination with other possible ototoxins. Our study demonstrates flavonoid ototoxicity in the zebrafish lateral line; whether these compounds damage mammalian hair cells remains an open question. Our flavonoid concentrations are likely higher than are serum concentrations in human patients. One clinical study examined serum metabolites in adults treated with quercetin supplements and found metabolite concentrations up to 2 μM. Our zebrafish model in some ways resembles an in vitro system, and in vitro studies in cancer cells use flavonoid concentrations in line with our experiments (Cialdella-Kam et al. 2012) . How these concentrations translate to human studies is not fully characterized. We could not find published case reports of an association between G. biloba or its constituents and hearing loss, but given the modest hair cell damage we observed, it is unlikely that Ginkgo consumption would be linked with hearing loss based on observational studies. Clinical trials with Ginkgo preparations focus largely on dementia (Gautheir and Schlaefke 2014; Solfrizzi and Panza 2015) , and these studies often occur in elderly populations where mild hearing loss would likely be attributed to age-related causes. One clinical trial (NCT01139281) examines Ginkgo as a potential otoprotectant from cisplatin-induced hearing loss, but trial results are not yet available.
The zebrafish lateral line is an attractive model for ototoxicity research because lateral line hair cells respond similarly to known ototoxins, and this system was previously used to identify occult ototoxins from multiple drug libraries-ototoxins that also showed toxicity in mammalian systems (Chiu et al. 2008; Hirose et al. 2011) . We therefore think it likely that these flavonoids could induce damage in mammalian hair cells if the compound reaches the inner ear in sufficient quantities. Orally administered Ginkgo leads to detectable flavonoid concentrations in the brain, demonstrating that the blood-brain barrier is permeable to Ginkgo constituents (Rangel-Ordóñez et al. 2010) . Occasional oral administration of G. biloba would likely cause little ototoxicity, as plasma concentrations are generally low in rat studies (176-341 ng/mL after a single administration; Rangel-Ordóñez et al. 2010) . However, chemotherapy studies have proposed intravenous administration of G. biloba or isolated flavonoids, which would greatly increase circulating flavonoid levels (Hauns et al. 2001; Jones et al. 2004) . Future studies are needed to determine if Ginkgo flavonoids induce mild toxicity to mammalian inner ear hair cells, and if the ototoxic potential outweighs the potential benefit of G. biloba for other conditions, such as to prevent cognitive deficits in dementia patients (Herrschaft et al. 2012; von Gunten et al. 2015) .
